We study models in which the Higgs sector is extended by a single scalar electroweak multiplet Z with isospin T = 5/2 (sextet) or 7/2 (octet) and the same hypercharge as the Standard Model Higgs doublet, in which Z is odd under a global Z2 symmetry. This Z2 symmetry keeps the lightest (neutral) member of Z stable and has interesting implications for phenomenology. We determine the constraints on these models from precision electroweak measurements and Higgs boson decays to two photons. We compute the thermal relic density of the stable member of Z and show that, for masses below 1 TeV, it can make up at most 1% of the dark matter in the universe. We also show that current dark matter direct detection experiments do not constrain the models, but future ton-scale experiments will probe their parameter space.
I. INTRODUCTION
Extensions of the scalar sector of the Standard Model (SM) beyond the minimal single Higgs doublet are of great interest in model building and collider phenomenology and are, as yet, largely unconstrained by experiment. Such extensions are common in models that address the hierarchy problem of the SM, such as supersymmetric models [1] and little Higgs models [2] , as well as in models for neutrino masses, dark matter, etc. Most of these extensions contain additional SU(2) Lsinglet, -doublet, and/or -triplet scalar fields. However, some extensions of the SM contain scalars in larger multiplets of SU(2) L . Such larger multiplets have been used to produce a natural dark matter candidate [3] [4] [5] , which is kept stable thanks to an accidental global symmetry that is sometimes present in the Higgs potential for multiplets with isospin T ≥ 2. Several different models with a scalar quadruplet (isospin T = 3/2) [6] [7] [8] [9] [10] [11] or scalar quintuplet (T = 2) [9, [11] [12] [13] have also been proposed for neutrino mass generation. The quadruplet has also been studied in the context of strengthening the electroweak phase transition [14] . Models in which the SM SU(2) L -doublet Higgs mixes with a septet (T = 3), aided by additional representations of SU(2) L , have been studied in Ref. [15] .
In this paper we consider models that extend the SM scalar sector through the addition of a single large multiplet. Perturbative unitarity of scattering amplitudes involving pairs of scalars and pairs of SU(2) L gauge bosons requires that T ≤ 7/2 (i.e., n ≤ 8) for a complex scalar multiplet and T ≤ 4 (i.e., n ≤ 9) for a real scalar multiplet [16] . Of particular interest are models that preserve a global U(1) or Z 2 symmetry under which the large multiplet is charged. Such symmetries sometimes arise accidentally at the renormalizable level due to the structure of the scalar potential (in particular for multiplets with T ≥ 2, i.e., of size n ≥ 5); in other cases they can be imposed by hand. Spontaneous breaking of a global U(1) symmetry is phenomenologically unacceptable because it would lead to a massless Goldstone boson that couples to fermions through its mixing with the CP-odd component of the SM Higgs doublet, and thus mediates new long-range forces between SM fermions. Spontaneous breaking of a Z 2 symmetry can lead to problems with domain walls, as well as being tightly constrained by measurements of the rho parameter ρ ≡ M 2 W /M 2 Z cos 2 θ W 1. We will thus assume that the parameters of the scalar potential are chosen such that the U(1) or Z 2 symmetry is not spontaneously broken. The lightest member of the single large multiplet is thus forced to be stable and becomes a dark matter candidate. We will consider only models in which the lightest member of the large multiplet is electrically neutral; models in which the lightest member of the large multiplet is electrically charged are excluded or strongly constrained by the absence of electrically-charged relics. 1 The models that meet these criteria can be grouped into three classes based on the hypercharge Y of the large multiplet, as follows:
(i) Models with a real, Y = 0 multiplet, with n = 5, 7, or 9, corresponding to isospin T = 2, 3, or 4 (a real multiplet must have integer isospin). For n = 7, the scalar potential preserves an accidental Z 2 symmetry under which the large multiplet is odd; for n = 5 or 9, such a Z 2 symmetry is not automatic but can be imposed by hand [18] . These models are viable and have been considered in Refs. [3, 4] as possible candidates for "next-to-minimal" dark matter.
(ii) Models with a complex multiplet with n = 5, 6, 7, or 8 (isospin T = 2, 5/2, 3, or 7/2), with Y = 2T , 2 chosen so that the lightest member of the large multiplet can be made neutral.
The scalar potential preserves an accidental global U(1) symmetry under which the large multiplet is charged. The masses of the states in the large multiplet are split by an operator of the form (Φ † τ a Φ)(X † T a X), where Φ is the SM Higgs doublet, X is the large multiplet, and τ a and T a are the appropriate SU(2) L generators. We studied these models in Ref. [19] and showed that all except the n = 5 model are excluded by dark matter direct detection experiments assuming a standard thermal history of the universe. The model with n = 5 avoids exclusion from this constraint because its lightest member can decay via a dimension-5 Planck-suppressed operator with a lifetime short compared to the age of the universe.
(iii) Models with a complex multiplet with n = 6 or 8 (isospin T = 5/2 or 7/2), with Y = 1.
The most general gauge-invariant and Z 2 -invariant scalar potential for these models does not preserve any global symmetries that stabilize the large multiplet [18] . To obtain a dark matter candidate, we impose a Z 2 symmetry under which the large multiplet is odd. The would-be global U(1) symmetry is broken by an operator of the form ( Φ † τ a Φ)(Z † T a Z), where Φ, Z denote the conjugate multiplets. Such an operator can appear only for this hypercharge choice and only when n is even. We study these models in the current paper. This paper is organized as follows. In Sec. II we set the notation and derive the mass eigenstates for the two Z 2 -preserving models that we consider. In Sec. III we obtain the indirect constraints on the model parameters from perturbative unitarity and from the electroweak precision measurements via the oblique parameters S, T and U . As a by-product we present general formulas for the contributions to S, T and U from new scalar particles whose mass eigenstates are mixtures of states of definite isospin. We also determine the contribution of the electrically-charged members of the large scalar multiplets to the loop-induced Higgs decays h → γγ and h → Zγ, and use the current LHC measurement of h → γγ to further constrain the model parameters. We also comment on the conditions to avoid alternate minima in the scalar potential in which the Z 2 symmetry would be spontaneously broken. In Sec. IV we calculate the relic density of the lightest (neutral) member of the large multiplet from thermal freeze-out. We use this result in Sec. V to predict the dark matter direct-detection cross section and compare to the reach of current and future experiments. We conclude in Sec. VI. Details of the spectrum calculations and Feynman rules are collected in the Appendices. We leave an evaluation of direct LEP, Tevatron, and LHC constraints and future LHC search prospects to future work.
II. THE MODELS
The models we consider here extend the SM through the addition of a single complex scalar multiplet, Z, with hypercharge Y = 1. In these models, the most general gauge-invariant scalar potential is given by
where x = Cx * are the conjugate multiplets. The conjugation matrix, C, is an antisymmetric n × n matrix equal to iσ 2 for the SU(2) L doublet and whose form is given in Eq. (A1) for the n = 6 and n = 8 representations. Here τ a and T a are the generators of SU(2) L in the doublet and n-plet representations, respectively. We will not need the explicit form of the Z quartic couplings in what follows.
The term proportional to λ 4 is not present in the models with Y = 2T considered in Ref. [19] . This term couples two SM Higgs fields Φ (not Φ * ) to two Z * fields, with each pair arranged in an isospin-triplet configuration with total hypercharge ±2. This term breaks the would-be global U(1) symmetry down to Z 2 and splits the masses of the real and imaginary components of the neutral member of Z, ζ 0 ≡ (ζ 0,r + iζ 0,i )/ √ 2. Any complex phase of λ 4 can be absorbed into a phase rotation of Z without loss of generality. We therefore choose λ 4 to be real.
The term Z † T a Z is nonzero only for T a half-odd integer (i.e., for even n). Together with the perturbative unitarity constraint, T ≤ 7/2 (n ≤ 8) for complex scalar multiplets [16] , this limits the models of interest to the cases T = 5/2 (n = 6) and T = 7/2 (n = 8).
3 For these cases, the large multiplet is given in the electroweak basis by
We will denote the conjugate of the charged state ζ Q by ζ Q * , which is not the same as ζ −Q . We require that the lightest member of the multiplet be electrically neutral. The presence of the λ 4 term induces a mass splitting between the real and imaginary components of ζ 0 ≡ (ζ 0,r + iζ 0,i )/ √ 2, which will lead to one component being the lightest member of the multiplet and the other component being the heaviest. Without loss of generality, we choose the real part of ζ 0 to be the lightest member of the multiplet, corresponding to a choice of the sign of λ 4 . The requirement that ζ 0,r is lighter than any of the charged states further imposes the requirement |λ 3 | < 2|λ 4 |. The λ 4 term induces mixing between the states ζ Q and ζ −Q * with the same (nonzero) electric charge. The mass eigenstates are defined for Q > 0 in terms of mixing angles α Q as
. Details of the derivation of the mass spectrum and mixing angles are given in Appendix A.
The mass of the real part of ζ 0 in the n = 6 model is given by
where Λ 6 is defined as the quantity in brackets above, and v 246 GeV is the SM Higgs vacuum expectation value (vev). The mass of the imaginary part of ζ 0 is then
Since we have chosen ζ 0,r to be the lightest member of the multiplet, we are forced to take λ 4 < 0.
The singly-and doubly-charged states have masses
where
by convention. The mixing angles for these mass eigenstates are given by
There is only one triply-charged state, the mass of which is given by
We note the following features of the spectrum. When ζ 0,r is the lightest state, the mass eigenstates always fall in order, from lightest to heaviest, of
Furthermore, recall that |λ 3 | < 2|λ 4 | is required for ζ 0,r to be lighter than any of the charged states. As we will show in Sec. III B, constraints from the oblique parameters force λ 3 to be negative and quite close to the limit λ 3 2λ 4 , unless both λ 3 and λ 4 are very small. This leads to a clustering of the mass eigenstates in two groups: a lower-mass cluster consisting of ζ 0,r , H , and ζ 0,i . This is illustrated in Fig. 1 , in which we show two sample spectra as a function of λ 4 , holding m ζ 0,r and λ 3 fixed.
In the limit λ 3 = 2λ 4 , the mass spectrum collapses to two degenerate sets of particles: ζ 0,r , H with with mass m ζ 0,i = m 2 ζ 0,r − 3v 2 λ 4 . In this limit, the composition of the mixed states in the n = 6 model becomes
In particular, all transitions among the mass eigenstates mediated by W ± or Z emission proceed with roughly comparable coupling strength.
The mass of the real part of ζ 0 in the n = 8 model is given by where Λ 8 is defined as the quantity in brackets above. The mass of the imaginary part of ζ 0 is then
Since we have chosen ζ 0,r as the lightest member, we are forced to take λ 4 > 0. The singly-, doubly-, and triply-charged states have masses
where again m H
There is only one quadruply-charged state, the mass of which is given by
When ζ 0,r is the lightest state, the mass eigenstates always fall in order, from lightest to heaviest, of
Constraints from the oblique parameters will again force λ 3 to be negative and quite close to the limit λ 3 −2λ 4 (with |λ 3 | < 2|λ 4 |). In this limit, the mass spectrum again collapses to two degenerate sets of particles: ζ 0,r , H , and ζ 0,i become degenerate with mass m ζ 0,i = m 2 ζ 0,r + 4v 2 λ 4 . In this limit, the composition of the mixed states in the n = 8 model becomes
Again, all transitions among the mass eigenstates mediated by W ± or Z emission proceed with roughly comparable coupling strength.
III. CONSTRAINTS ON COUPLINGS AND MASSES
In this section we determine the constraints on the model parameters from perturbative unitarity, from the oblique parameters S, T , and U , and from the contributions of the new charged scalars to the loop-induced decays of the SM Higgs boson, h → γγ and h → Zγ. We also comment on conditions to avoid alternate minima in which the ζ fields would have a nonzero vev.
Throughout this section, we show numerical results for the real neutral scalar in the mass range m ζ 0,r = 80-500 GeV. We expect that scalars lighter than 80 GeV will be strongly constrained by searches at the CERN Large Electron-Positron (LEP) collider. We leave the analysis of LEP constraints and CERN Large Hadron Collider (LHC) discovery prospects to future work.
A. Unitarity constraints on scalar quartic couplings
The scalar quartic couplings λ 2 , λ 3 and λ 4 given in Eq. (1) can be bounded by requiring perturbative unitarity of the zeroth partial wave scattering amplitudes. The partial wave amplitudes are related to scattering matrix elements according to
where J is the orbital angular momentum of the final state and P J (cos θ) is the corresponding Legendre polynomial. Perturbative unitarity of the zeroth partial wave amplitude dictates the tree-level constraint,
We perform a coupled-channel analysis for processes SS → SS and SS → V V , where SS denotes any pair of scalars contained in Φ or Z and V V denotes any pair of transversely-polarized electroweak gauge bosons. We include the SS → V V channels only for scalars contained in Z, whose amplitudes are enhanced by the large value of n. 4 We work in the high-energy limit and treat the Goldstone bosons as physical particles in place of the longitudinal components of the electroweak gauge bosons. For simplicity, we further neglect contributions from the quartic coupling λ 1 , which is known to be small now that the SM-like Higgs boson mass has been measured, and from quartic couplings involving four Z fields. We find numerically that including such contributions leads to tighter constraints on λ 2 , λ 3 , and λ 4 . As such, our bounds are conservative.
The scattering amplitudes are conveniently classified according to the total isospin and total hypercharge of the initial and final two-particle states. The relevant amplitudes for the isospinzero, hypercharge-zero channels are [19] 
where the ζ * ζ → W W, BB amplitudes include both of the contributing transverse gauge boson polarization combinations [16] . Here g is the SU(2) L gauge coupling and s W , c W ≡ sin θ W , cos θ W are the sine and cosine of the weak mixing angle, and Y = 1 for our models. We define the following normalized isospin-zero, hypercharge-zero field combinations,
where the sum over Q runs over the n isospin eigenstates in Z as shown in Eq. (2). The relevant amplitudes for the isospin-one, hypercharge-zero channels are [19] 
where again the ζ * ζ → W B amplitude includes both of the contributing transverse gauge boson polarization combinations [16] . Here we used the following normalized isospin-one, hypercharge-zero field combinations,
Finally, the relevant amplitude for the isospin-one, hypercharge-two channel is
where the normalized isospin-one, hypercharge-two field combinations are
Finding the eigenvalues of the coupled-channel amplitude matrices and applying the constraint of Eq. (19), we obtain the following upper bounds on |λ 2 |, |λ 3 | and |λ 4 |:
Numerical values 5 for n = 6 and 8 are given in Table I . 5 We use g 2 = 4πα/s 2 W , s 2 W = 0.231, and α = 1/128.
B. Constraints from the oblique parameters S, T and U
Further constraints can be obtained from experimental measurements of the electroweak oblique parameters S, T and U [20] . These parameters probe new physics that can appear in loops in the electroweak gauge boson self-energies. They were previously calculated for a large scalar multiplet with arbitrary isospin and hypercharge in the case of a global U(1) symmetry in Ref. [21] . We recomputed the contributions of a large scalar multiplet to S, T and U for the global Z 2 -preserving case, in which the mass eigenstates do not always correspond to isospin eigenstates. We checked that our results reduce to the U(1)-preserving limit when λ 4 → 0.
For the S parameter we find,
where the couplings C ijV involving scalars i, j and vector boson V are defined with an overall factor of e removed (see Appendix B 2). The sums over states i and j run over ij =
, where kl = 11, 12, 21, 22 and Q > 0. The dimensionless func-
For the T parameter we find,
where the couplings C rr * XY involving scalars rr * and vector bosons X, Y are defined with an overall factor of e 2 removed (see Appendix B 2). The sum over states r runs over r =
, with Q > 0 and k = 1, 2. For these couplings, S r is a symmetry factor
given by S r = 1/2 for r = ζ 0,r or ζ 0,i and S r = 1 otherwise. The sums over states s and t run
, where again kl = 11, 12, 21, 22 and Q > 0.
The sums over states i and j run over the same set of states given below Eq. (27) . The function f 2 (m 1 , m 2 ) has dimensions of mass-squared and is defined as For the U parameter we find,
where the sums over states ij and st run over the same sets of states given below Eqs. (27) and (30) . We impose a 95% confidence level constraint from the oblique parameters using a χ 2 built from the current experimental values, S exp = 0.03 ± 0.10, T exp = 0.05 ± 0.12, U exp = 0.03 ± 0.10, and the relative correlations ρ ST = 0.89, ρ T U = −0.83, ρ SU = −0.54 [22] . The 95% confidence level χ 2 constraint in the 3-dimensional parameter space is given by
where O i is the ith observable of the set S, T, U and [
ij is the inverse of the matrix of uncertainties,
where ρ ij are the relative correlations (note that ρ ii ≡ 1). The contributions of the large multiplet to S, T and U depend only on the mass spectrum and mass-eigenstate compositions. Thus the oblique parameters constrain only λ 3 , λ 4 , and the overall FIG. 3: Unitarity-allowed U and T values for m ζ 0,r = 80-500 GeV (shaded regions) and the projection of the S, T, U 95% confidence level constraint ellipsoid (thick black ellipse). Points allowed by the S, T, U constraint are shown in green (lighter shaded region). The thin black ellipse indicates the slice through the three-dimensional constraint ellipsoid at S = 0. Left: n = 6 model. Right: n = 8 model.
mass scale, which can be parameterized by m ζ 0,r . The ranges of λ 3 and λ 4 allowed by the oblique parameters for sample values m ζ 0,r = 80, 150, and 300 GeV are shown in Fig. 2 . We have imposed the constraint |λ 3 | ≤ 2|λ 4 |, indicated by the diagonal lines, which is required for ζ 0,r to be the lightest state.
As can be seen in Fig. 2 , the allowed parameter space is tightly constrained to lie near the |λ 3 | = 2|λ 4 | line. This is driven by the contributions of the large multiplet to the T and U parameters, which rapidly become large away from this line. This feature leads to the clustering of the mass eigenstates into two groups as discussed in Sec. II. Furthermore, unless both λ 3 and λ 4 are very small, the oblique parameters require λ 3 < 0. This results in the state with the largest electric charge (ζ +3 for n = 6 and ζ +4 for n = 8) to be clustered with the heavier group of mass eigenstates. The length of the allowed region along the |λ 3 | 2|λ 4 | line is limited mainly by the S parameter constraint.
To better understand the source of these constraints, we plot the projections of the S, T, U 95% confidence level constraint ellipsoid, along with the region populated by the models, in Figs. 3, 4, and 5. The T and U measurements severely constrain the parameter space, as can be seen in Fig. 3 . This in turn tightens the allowed excursion of the S parameter, as shown in Figs. 4 and 5. In particular, because of the correlations among the measured values of S, T , and U , positive values of S are severely constrained. The sign of S is the same as the sign of λ 3 in our models. This constraint therefore leads to the preference for negative values of λ 3 .
The oblique parameters tightly constrain the mass splittings among the lightest states of the large multiplet. The first mass splitting between ζ 0,r and H + 1 must be quite small: for m ζ 0,r ≤ 500 GeV, this splitting ∆m ≡ m H + 1 − m ζ 0,r is less than 1.5 GeV in the n = 6 model and less than 0.7 GeV in the n = 8 model (see Fig. 6 ).
The splitting between the heavier group of states and the lighter group of states, on the other hand, is much less tightly constrained. The allowed mass splitting between the lightest state ζ − m ζ 0,r , is shown in Fig. 7 as a function of m ζ 0,r . For the n = 6 model, this splitting can be as large as 100 GeV for m ζ 0,r = 100 GeV, growing to 450 GeV for m ζ 0,r = 500 GeV. For the n = 8 model the maximum allowed mass splitting is about half as large, ranging between about 50 GeV and about 200 GeV for m ζ 0,r between 100 and 500 GeV. The linear growth of the maximum allowed mass splitting shown in Fig. 7 is eventually cut off by the unitarity constraints on λ 3 and λ 4 for large enough m ζ 0,r .
C. Constraints from the loop-induced Higgs decay h → γγ
To constrain the parameter λ 2 , we consider the one-loop contributions of the charged scalars to the Higgs decay h → γγ. 7 The decay partial width for h → γγ can be written as [23] Γ
where i sums over charged particles of spin 0, 1/2, and 1, Q i is the electric charge of the particle in the loop in units of e, N ci is the color multiplicity (3 for quarks and 1 for color-singlet particles) and F i is a function that depends on the spin and mass of the particle in the loop [23] : 
, where m i is the mass of the particle in the loop, and the function f (τ ) is given by [23] 
with η ± ≡ 1± √ 1 − τ . In the numerical computation of partial widths we include only the top quark and W boson contributions, as well as the new scalars; contributions from the lighter fermions are small.
For a scalar particle in the loop, we have inserted the factor β into the definition of F 0 to capture the coupling of the scalar to the Higgs,
The couplings C hss for our models are collected in Appendix B. Note that all couplings of the Higgs to pairs of scalars from the large multiplet are diagonal in the mass basis. The functions β for the scalars H Q i and ζ +n/2 in the loop can be written as
Because these couplings depend on λ 2 , measurements of the Higgs decay h → γγ can be used to put additional constraints on λ 2 as a function of λ 3 , λ 4 , and m ζ 0,r . The ATLAS and CMS experiments have measured the Higgs signal strength µ γγ in the γγ final state, defined relative to the SM prediction. Because Higgs production rates are not modified in our models, and because the only significant effect of the new scalars on Higgs decays is through modification of the partial widths of the rare loop-induced processes h → γγ and h → Zγ, we have to a very good approximation
and an analogous expression for R Zγ . The measured values of this rate from ATLAS and CMS are summarized in Table II .
We find the allowed range of λ 2 as a function of m ζ 0,r by scanning over the values of λ 3 and λ 4 allowed by the oblique parameter constraints and perturbative unitarity. We accept points for which R γγ falls within the 2σ range for µ γγ of either the ATLAS or CMS measurement. Results are shown in Fig. 8 . Note that the constraint from perturbative unitarity, |λ 2 | ≤ 6.59 (3.10) for n = 6 (8), is visible in the plots. The upper branch of allowed λ 2 values, clearly visible in the right panel of Fig. 8 for n = 8, corresponds to a sign flip of the total h → γγ amplitude relative to the SM prediction. This is separated from the rest of the points due to the lower bound on µ γγ . The same feature is present in the n = 6 case, though it is less clearly visible in Fig. 8 due to the wider allowed ranges of λ 3 and λ 4 .
The application of the h → γγ constraint does not significantly restrict the range of λ 3 or λ 4 beyond the constraints already obtained from the oblique parameters and perturbative unitarity.
D. Predictions for h → Zγ
The charged scalars in our models also contribute to the loop-induced decay h → Zγ. The decay partial width for this process can be written as (see, e.g., Ref. [23] ) where the contributions to the amplitude from fermions, the W boson, and scalars are given by
where the scalar couplings C hss and C ssZ are given in Appendix B and λ i is defined analogously to τ i but with M h replaced by M Z :
The sums over f and s run over all charged fermions and scalars in the model (in our numerical calculation, we neglect all fermions other than the top quark). The functions I i (a, b) are defined as [23] where the function f (τ ) was given in Eq. (37) and the function g(τ ) is defined as
The LHC experiments currently constrain the rate for h → Zγ to be less than about 10 times the SM prediction (see Table II ). This does not further constrain the parameter space of our models once the constraints from perturbative unitarity, oblique parameters, and h → γγ have been applied. Indeed, we find R Zγ to be strongly correlated with R γγ , as shown in Fig. 9 . Imposing all experimental constraints previously discussed and scanning m ζ 0,r in the range 80-500 GeV, we find that the ratio R Zγ /R γγ lies between approximately 0.7 and 1.3 for the n = 6 model, and between approximately 0.8 and 1.2 for the n = 8 model but with some points higher than the quoted range, as can be seen in Fig. 9 .
E. Condition to avoid Z2-breaking minima in the scalar potential
In any extended Higgs sector, the avoidance of alternative minima in the scalar potential-which could potentially break electric charge or other desired symmetries of the model-can provide additional constraints on the model parameters. In our models, a sufficient 9 condition to avoid alternate minima in which one or more of the ζ fields acquires a vev is to require M 2 > 0 in Eq. (1). This holds so long as the potential is bounded from below and none of the fields are tachyonic at the desired electroweak symmetry breaking vacuum. For a fixed value of m ζ 0,r , this imposes an upper limit on Λ 6 or Λ 8 via Eqs. (4) or (11), respectively. As we will see in the next sections, this constraint has an effect on the predictions for the allowed thermal relic density of ζ 0,r and its direct detection cross section.
IV. THERMAL RELIC DENSITY
The relic abundance of ζ 0,r is determined by its interactions in the early Universe. If we assume a standard thermal history-i.e., that the temperature was high enough at one time for ζ 0,r to have been in thermal equilibrium, and that no late-decaying relics enhanced or diluted the ζ 0,r densitythen the relic density of ζ 0,r at the present time can be computed from its annihilation rate in the early universe. For generic relics, the density will be inversely proportional to the annihilation cross-section, Ω X ∝ σ X v rel −1 [30] , where v rel is the relative velocity of the two particles in the annihilation collision and the brackets indicate an average over this velocity distribution at the time of freeze-out. Such an average is numerically necessary only if the annihilation cross section vanishes in the v rel → 0 limit. Because of this simple relationship, we can determine the fraction of the total dark matter that is made up by ζ 0,r using the formula
where Ω DM is the current total dark matter relic abundance and σv rel std is the "standard" annihilation cross section required to obtain this total dark matter relic abundance, for which we use σv rel std = 3 × 10 −26 cm 3 /s [30] .
A. Annihilations to two-body final states
The ζ 0,r is a self-annihilating particle which interacts with the SM via gauge or Higgs boson exchange. As such, the final states for the annihilation of two ζ 0,r particles include W + W − , ZZ, hh, and ff (via s-channel Higgs exchange). We neglect co-annihilations with other scalars from the Z 2 -odd multiplet. We compute the annihilation cross sections in the zero-velocity limit. Because these cross sections are all nonzero in this limit, we do not need to average over the velocity distribution.
The annihilation cross sections to two-body final states are given in the v rel → 0 limit by,
where n = 6, 8 is the size of the multiplet, N c is the number of colors of the final-state fermions, and v 246 GeV is the usual Higgs vacuum expectation value. The coefficients used in the cross section formulas for ζ 0,r ζ 0,r → W + W − and ζ 0,r ζ 0,r → ZZ are given by
The combinations of couplings Λ 6 and Λ 8 were defined in Eqs. (4) and (11), respectively; they can both be expressed by the formula
We note that when m ζ 0,r M W , M Z , the annihilation cross sections for ζ W,Z terms in the square brackets, which would otherwise make the cross section grow with increasing m ζ 0,r . This cancellation provides a nice cross-check of the matrix element calculation. We also checked our analytic results using CalcHEP [31] . In Fig. 10 we show the fraction of the total dark matter density that can be made up of ζ 0,r , computed using Eq. (46) including all kinematically accessible two-body final states, as a function of m ζ 0,r for the models with n = 6 and 8. We scan over λ 2 , λ 3 , and λ 4 , applying in succession the constraints from perturbative unitarity (dark purple regions), the oblique parameters S, T , and U (medium green regions), and Higgs decays to two photons (light blue regions). We also show the allowed region after imposing all of the above constraints together with the requirement M 2 > 0, so that the potential is guaranteed not to have any Z 2 -breaking minima (very light pink regions).
The possibility of very small relic densities that opens up when m ζ 0,r > 125 GeV is due to the crossing of the kinematic threshold for ζ 0,r ζ 0,r → hh. However, imposition of the oblique parameter constraints (medium green) and particularly the h → γγ (light blue) and M 2 > 0 (very light pink) constraints severely limits the allowed strength Λ n of the h(h)ζ 0,r ζ 0,r couplings, leading to a more tightly constrained relic density. For ζ 0,r masses above about 500 GeV in the n = 6 model (800 GeV in the n = 8 model) the constraints on λ 2 , λ 3 , and λ 4 come only from perturbative unitarity.
We find that, for allowed parameter choices and m ζ 0,r 1 TeV, the thermal relic abundance of ζ 0,r can account for at most 1% of the dark matter. In particular, the two models that we study are consistent with the observed dark matter relic abundance and thus viable extensions of the SM, assuming that most of the dark matter is made up of some other candidate particle.
Extending our calculation to higher masses, we find that ζ 0,r could account for all the dark matter for masses of 10-33 TeV for the n = 6 model, or 18-30 TeV for the n = 8 model. However, we have not included effects from co-annihilations or Sommerfeld enhancement which may become important for such heavy masses. Since we are primarily interested in the viability of the largemultiplet models as candidates for LHC searches below the 1 TeV mass range, a detailed treatment of these issues is beyond the scope of this paper.
V. DARK MATTER DIRECT DETECTION
Scattering of ζ 0,r off a nucleon N = p, n proceeds only via Higgs exchange. The resulting spinindependent per-nucleon cross section is given by
where Λ 2 n v 2 is the square of the hζ 0,r ζ 0,r coupling defined in Eq. (52) and the Higgs-nucleon Yukawa couplings are given by [32] 
Because the relic density of ζ 0,r is only a fraction of the total dark matter density, the directdetection scattering cross section σ exp SI quoted by experiments does not correspond directly to σ ζ SI , but rather to σ ζ SI scaled by the fraction of the total dark matter density that is made up by ζ 0,r :
where we have used the relic density scaling relationship of Eq. (46).
In Fig. 11 we show the predicted range of density-scaled experimental direct detection cross sections σ exp SI , calculated according to Eq. (55), as a function of m ζ 0,r for the models with n = 6 and 8. As before, we scan over λ 2 , λ 3 , and λ 4 , applying in succession the constraints from perturbative unitarity (dark purple regions), the oblique parameters S, T , and U (medium green regions), Higgs decays to two photons (light blue regions), and M 2 > 0 to avoid alternate minima (very light pink regions). Because the scattering cross section mediated by Higgs exchange is proportional to Λ 2 n , σ exp SI can be made arbitrarily small by tuning λ 2 , λ 3 and λ 4 so that Λ n 1.
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For ζ 0,r masses in our range of interest, the strongest experimental upper limit on σ exp SI currently comes from the LUX experiment [34] . As can be seen in Fig. 11 , the current sensitivity is not yet sufficient to probe the allowed parameter space after imposing the other constraints on model parameters. We also show projections for the future sensitivities of the LUX [35] , DEAP-3600 [36] , and XENON1T [37] experiments as compiled by the DMTools website [38] . 11 The projected LUX and DEAP-3600 sensitivities begin to probe the upper edge of the n = 6 model. 12 The projected XENON1T sensitivity probes deep into the allowed model parameter space, reaching a full order of magnitude beyond the largest experimental direct-detection cross sections allowed in both the n = 6 and n = 8 models. The projected sensitivity of the SuperCDMS experiment at SNOLAB is close to that of XENON1T [39] . The projected sensitivity of the proposed LUX upgrade LZ reaches an order of magnitude deeper in σ exp SI than that of XENON1T [39] . Finally, we briefly comment on inelastic direct-detection scattering processes. In the high-mass region, where the mass splittings are small, it may be possible for the ζ 0,r to up-scatter to a ζ 0,i , 12 We note that more recent compilations such as Ref. [39] quote the DEAP-3600 sensitivity as being a factor of two better than the 2007 projection available from DMTools and shown in Fig. 11 . obtained from a numerical scan over parameter space after successively applying constraints from perturbative unitarity (dark purple), the oblique parameters S, T , and U (medium green), Higgs decays to two photons (light blue), and the requirement M 2 > 0 to avoid alternate minima (very light pink). Also shown are the current experimental upper bound from the LUX experiment [34] (solid black curve), as well as projections for the ultimate sensitivities of the LUX, DEAP-3600, and XENON1T experiments [38] (dashed curves). Left: n = 6 model. Right: n = 8 model.
providing an alternative direct detection mechanism through Z-boson exchange. At the kinematic threshold, the accessible mass splitting is given in terms of the ambient ζ 0,r velocity v ζ by
where m A is the mass of the scattering target. In our case, the current dark matter velocity is v ζ ∼ 10 −3 c and the scattering target is a xenon nucleus with m A ≈ 124 GeV. For m ζ 0,r m A , Eq. (56) approaches a constant value, m ζ 0,i − m ζ 0,r m A v 2 ζ /2 ∼ 60 keV. In turn, this implies that the mass splittings between the electrically-charged scalars and ζ 0,r would be much less than the mass of an electron, forcing the electrically-charged scalars to be stable. We conclude that the absence of heavy charged relics precludes the possibility of inelastic direct-detection scattering in our models.
VI. DISCUSSION AND CONCLUSIONS
In this paper we examined extensions of the SM scalar sector containing a single large multiplet of SU(2) L in addition to the SM Higgs doublet. We focused on two models, one in which the large multiplet has isospin T = 5/2 (n = 6) and hypercharge Y = 1 and the other with T = 7/2 (n = 8) and Y = 1. We impose a global Z 2 symmetry on the scalar potential, which forces the lightest member of the large multiplet to be stable.
Starting from the scalar potential for each of the two models, we worked out the spectrum of mass eigenstates and their couplings to SM gauge and Higgs bosons. We then determined the constraints on the model parameters from perturbative unitarity, the oblique parameters S, T , and U , and SM Higgs decays to two photons. We also imposed a sufficient condition on the Z mass-squared parameter to ensure that the potential has no Z 2 -breaking minima. We computed the predictions for Higgs decays to Zγ, as well as the thermal relic abundance of the lightest member of the large multiplet and its cross section in dark matter direct-detection experiments.
We found that both models are viable for a wide range of masses of the new scalars within the kinematic reach of the LHC. The mass splittings of the new scalars are constrained mainly by the oblique parameters, which force the mass eigenstates to be tightly clustered into two groups. These groups can in turn be separated by tens to hundreds of GeV, depending on the mass of the lightest new scalar. This feature of the spectrum will have interesting implications for the kinematics of collider events involving pair production and decay of the new scalars.
We finish by commenting on a few features of the models that may warrant further study.
• The masses of the new scalars are bounded from above by the requirement that their relic density not be larger than the observed dark matter density in the universe. This bound will lie in the several-to-tens of TeV range. An accurate determination of this bound will require a more careful treatment of co-annihilations and Sommerfeld effects in the calculation of the relic density.
• The total cross section for production of pairs of the new scalars at the LHC via electroweak processes will be enhanced by the large multiplicity of scalar states and by their large weak charges. The LHC reach for these particles may thus extend to higher masses than the reach for other scalar extensions of the SM involving smaller representations of SU(2) L .
• Our models affect the running of the electroweak gauge couplings. In particular, the oneloop SU(2) L beta function coefficient becomes
. In the n = 6 model, α 2 remains perturbative up to well beyond the Planck scale. In the n = 8 model, α 2 becomes nonperturbative around 10 10 GeV. The n = 8 model can be saved by, e.g., lowering the Planck scale below 10 10 GeV through the introduction of flat or warped extra dimensions, or by making the scalars in the large multiplet be composites of fermions which individually transform under smaller representations of SU(2) L .
• Our models suffer from the hierarchy problem in the same way as does the SM Higgs sector.
The n = 8 model cannot be supersymmetrized because the addition of a second n = 8 multiplet with Y = −1, as required for anomaly cancellation, would violate perturbative unitarity in transversely-polarized W W → ζζ scattering amplitudes [16] . Supersymmetrizing the n = 6 model modifies the one-loop SU(2) L beta function coefficient to read b 2 = 1 + 6 · n(n 2 − 1)/36; for supersymmetry at the weak scale, α 2 becomes nonperturbative around 10 5 GeV. The hierarchy problem could be solved in either model through compositeness of the scalar fields.
• The presence of the large multiplet coupled to the SM Higgs doublet affects the running of the SM Higgs quartic coupling, here identified with λ 1 . Further constraints on the parameter space could be imposed by requiring that the quartic couplings remain perturbative and the vacuum remains (meta)stable up to a chosen cutoff scale. We note, however, that any such constraints would be subject to the assumption that no new physics-including physics needed to solve the hierarchy problem-enters below the cutoff scale.
• We have assumed that the quartic couplings in the O(Z 4 ) part of the scalar potential in Eq. (1) can always be chosen so that the potential is bounded from below. The sizes of these quartic couplings will, however, be constrained by perturbative unitarity. The interplay of this constraint with the requirement that the potential be bounded from below may further constrain the allowed ranges of λ 2 , λ 3 , and λ 4 .
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Appendix A: Masses and mixing angles
In this section we give some of the mathematical details used in the derivation of the mass spectrum and mixing angles in Sec. II.
For a complex scalar multiplet Z with hypercharge Y = 1 (normalized so that Q = T 3 +Y /2), the most general gauge-invariant and Z 2 -invariant renormalizable scalar potential was given in Eq. (1), in which Φ = iσ 2 Φ * and Z = CZ * are the conjugate multiplets. Here σ 2 is the second Pauli matrix and the conjugation matrix C for the large multiplet is an anti-diagonal n × n matrix. For n = 6 and 8 it is given by 
Taking λ 4 real and working in unitarity gauge, the term involving λ 4 in the scalar potential of Eq. (1) reduces to
The terms Z † T − Z and Z † T + Z split the masses of ζ 0,r and ζ 0,i and cause mixing between states with the same electric charge but different isospin. For n = 6, 8, the two pieces can be written as
When the neutral state ζ 0 is written in terms of its real and imaginary components, ζ 0 = (ζ 0,r + iζ 0,i )/ √ 2, we find a mass splitting between the components,
The mass matrices for the pairs of scalars with electric charge Q = 1, . . . , n/2 − 1 are given in the basis (ζ +Q , ζ −Q * ) by
which we diagonalize to find the mass eigenvalues,
The mass eigenstates H 
There is only one state with Q = n/2. Its mass is given by
Appendix B: Feynman rules
In this section we collect the Feynman rules for the couplings of the new scalars to gauge and Higgs bosons. We define the couplings with all particles and momenta incoming. For couplings involving scalar momenta, we define p 1 as the momentum of the first scalar and p 2 as the momentum of the second scalar.
For simplicity in the derivation of the oblique parameters, all coefficients C for couplings of scalars to one or two electroweak gauge bosons are defined with the overall factors of e removed: one factor of e is removed from couplings to a single gauge boson and two factors of e are removed from couplings to two gauge bosons.
Higgs boson couplings to scalar pairs
The Feynman rule for the coupling hs 1 s 2 is given by −iC hs1s2 , where
The Feynman rule for the coupling hhs 1 s 2 is given by −iC hhs1s2 , where
Note that, for all the couplings above, s 2 = s * 1 ; i.e., there are no off-diagonal couplings.
Gauge boson couplings to scalar pairs
The Feynman rules for the couplings of the new scalars to gauge bosons come from the gaugekinetic terms in the Lagrangian,
where the covariant derivative is given by
a. Couplings to one or two photons
The Feynman rule for the coupling s 1 s 2 γ µ , for s 1 with charge Q and s 2 = s * 1 , is
The Feynman rule for the coupling s 1 s 2 γ µ γ ν , for s 1 with charge Q and s 2 = s *
There are no off-diagonal couplings, in accordance with the conservation of the electromagnetic current.
b. Couplings to one Z boson
The Feynman rule for the coupling s 1 s 2 Z µ is given by
Note that the diagonal couplings C ζ 0,r ζ 0,r Z = C ζ 0,i ζ 0,i Z = 0 due to parity conservation.
c. Couplings to ZZ
The Feynman rule for the coupling s 1 s 2 Z µ Z ν is given by
Note that the off-diagonal coupling ζ 0,r ζ 0,i ZZ is zero.
d. Couplings to Zγ
The Feynman rule for the coupling s 1 s 2 Z µ γ ν is given by
The neutral scalars do not couple to Zγ.
e. Couplings to one W boson
The Feynman rule for the coupling s 1 s 2 W ± µ is given by
For compactness, we define the following coefficients for a given value of n:
Then the couplings of two scalars to W + are given by
The couplings of two scalars to W − are obtained using the relation
Note that all the couplings C s1s2W + are real except for those that involve one ζ 0,i , which are imaginary. 
The couplings of two scalars to W − W − are obtained using the relation
Note that all the couplings C s1s2W + W + are real except for those that involve one ζ 0,i , which are imaginary.
h. Couplings to W γ
The Feynman rule for the coupling s 1 s 2 W ± µ γ ν is given by 
The couplings of two scalars to W − γ are obtained using the relation
Note that all the couplings C s1s2W + γ are real except for those that involve one ζ 0,i , which are imaginary.
i. Couplings to WZ
The Feynman rule for the coupling s 1 s 2 W ± µ Z ν is given by 
The couplings of two scalars to W − Z are obtained using the relation
Note that all the couplings C s1s2W + Z are real except for those that involve one ζ 0,i , which are imaginary.
